ABSTRACT: Hybrid positron emission tomography-computed tomography (PET-CT) system enhances better differentiation of tissue uptake of 18 F-fluorodeoxyglucose ( 18 F-FDG) and provides much more diagnostic value in the non-small-cell lung cancer and nasopharyngeal carcinoma (NPC). In PET-CT, high quality CT images not only offer diagnostic value on anatomic delineation of the tissues but also shorten the acquisition time for attenuation correction (AC) compared with PET-alone imaging. The linear accelerators equipped with the X-ray cone-beam computed tomography (CBCT) imaging system for image-guided radiotherapy (IGRT) provides excellent 1 Corresponding author. 
Introduction
PET-CT system is considered as a significant advance in medical imaging technology. The hybrid PET-CT in one scanning procedure can produce both functional images with dedicated PET and intrinsically anatomical ones with CT, which serves as a transmission source in stead of Ge-68 source for PET-alone attenuation correction (AC) in PET images reconstruction [1, 2] . This dualmodality imaging integrates perfectly functional and anatomical data to improve tumor localization and facilitate treatment planning for radiation oncology or surgery. It has been well acknowledged that the PET-CT system offers significant advantages over the conventional PET-alone, including greatly improved diagnostic value and increased accuracy in lesion localization. Dual-modality fused images also enhance better differentiation of tissue uptake of 18 F-FDG and provide much more diagnostic value in some sophisticated diseases especially in non-small-cell lung cancer and nasopharyngeal carcinoma (NPC). Image-guided radiotherapy (IGRT) [3] is a novel treatment system that could deliver highly conformal dose distribution with a high degree of geometrical and dosimetrical accuracy. Cone-beam CT, corresponding to x-ray volumetric imaging system (XVI) mounted on modern image-guided radiotherapy represents an advanced verification technology conducted in prior to each radiotherapy. Our study were to focus on the PET-CT to improve image quality by optimally modifying operating parameters of the CT and then to evaluate registration accuracy between PET-CT and XVI using an Alderson Rando Phantom for lifting probability of tumor control and decreasing tumor recurrence on NPCs.
Materials and methods

CT imaging parameters
An Alderson head Rando Phantom, which was attached six fiducial copper markers on it was used for localization on alternating operating parameters of the CT in a PET-CT system (Discovery LS, GE Medical Systems, USA) in order to improve CT image quality and registration accuracy between the PET-CT and the XVI imaging system. The PET-CT consists of a combination of a 64-slice CT and a high-resolution PET scanner. The default protocol of the helical CT is 140 kV (tube voltage), 80 mAs, 40 mm (collimation), 0.984 (pitch), 8 slices, and 5 mm (slice thickness), for routine head and neck studies. We designed protocols on axial mode with a fixed mAs (160 mAs) and different tube voltages (80, 100, 120, 140 kV) denoted as protocol 1-6 (P 1 -P 6 ) and protocols with fixed tube voltage (140 kV) with varying mAs (80, 140, 200 mAs) denoted as protocol 5-7 (P 5 -P 7 ). For helical mode, protocols with a fixed mAs (160 mAs) and different tube voltages (80, 100, 120 kV) denoted as protocol 8-10 (P 8 -P 10 ) and protocols with a fixed voltage (140 kV) and different mAs (80, 120, 160, 200 mAs) denoted as protocol 11-14 (P 11 -P 14 ) were also employed for optimization. The same protocols applied and repeated, very similar to those of P 11 -P 14 but with a different pitch (1.375) in stead of 0.984 denoted as protocol 15-18 (P 15 -P 18 ).
For the planning CT (Siemens Somatom Sensation, Germany), protocols with a fixed mAs (150 mAs) and with different tube voltages (80, 100, 130 kV) denoted as control protocol 1-3 (C 1 -C 3 ) and protocols with fixed voltage (130 kV) with varying mAs (80, 100, 150 mAs) denoted as control protocol 4-6 (C 4 -C 6 ) as our experiment control sets.
PET image attenuation correction
A custom-made water phantom filled with 5.2 L water which was injected about 0.3 mCi 2-[Fluorine-18]-fluoro-2-deoxy-D-glucose ( 18 F-FDG) for PET emission attenuation correction (AC) was conducted with the parameters of the CT in PET-CT on both axial and helical modes between protocol P 1 and P 18 . Corrected PET images were reconstructed with ordered subset expectation maximization (OSEM) algorithm (14 subsets, 6 iteration) adopting CT source for attenuation correction in stead of the traditional Ge-68 source rod in PET-standalone. The signal intensity profile of reconstructed PET images via CTAC on helical/axial mode was analyzed by Matlab software.
Estimation of the co-registration error
The XVI system consists of an X-ray kilovolt source and an amorphous silicon flat-panel imager mounted in a linear accelerator (Elekta, UK) was used in this study. To study an image positioning error between center of the CBCT, corresponding to the XVI isocenter P iso and reference isocenter O iso from CT, we took advantage of the build-in XVI software using cross correction algorithm [4] for co-registration. XVI scan was conducted for three times. Registration accuracy was determined by evaluating the selected overlapped image volume percentages between the XVI and CT. The potential sources of the error derived from the imaging co-registration involved: algorithm for fiducail marker localization, motion artifacts, loss and distortion of the images throughout compression and noise and voxel size of images. After finishing all the procedures between XVI and CT, we extracted all the data for calculating the centroids of the fiducial markers between XVI (X i ,Y i ,Z i ) and CT (X 0 ,Y 0 ,Z 0 ) and estimated the differences in the distance, defined as fiducial registration errors (FRE) between XVI and CTs using the calculated centroids and positioning errors (2.1). Then we recorded the CT radiation doses on both axial and helical modes in PET-CT and planning CT using computed tomography dose index (CTDI) for the compromise between accuracy on radiotherapy and radiation dose on diagnosis. Figure 1 was the signal intensity profile of the uncorrected PET images and corrected ones via CTAC. In this study, corrected PET images via CTAC would acquire much better intensity profile and get better resolution than those in uncorrected ones. The signal intensity profile of the corrected PET images via CTAC had almost the same performance on both axial and helical modes. We had proved that corrected PET image throughout CTAC is essential and effectively.
Results
In this study, four kinds of CT-XVI modality matching pairs, named XVI-CT P (XVI and planning CT), XVI-CT A (XVI and PET-CT on axial mode), XVI-CT H1 (XVI and PET-CT on helical mode with a pitch of 0.984), and XVI-CT H2 (XVI and PET-CT on helical mode with a pitch of 1.375) were evaluated. For the XVI-CT P modality matching pair, the mean FRE of the co-registration with XVI between C 1 and C 6 using bone registration algorithm were in the range of 1.42 to 2.18 mm. For the XVI-CT A modality matching pair, the mean FRE between protocol P 1 and P 7 were in the range of 1.06 to 2.08 mm and for the XVI-CT H modality matching pair, the mean FRE between protocol P 8 and P 18 were found in the range of 0.99 to 1.94 mm. The mean standard deviations of FRE in the XVI-CT P , XVI-CT A and XVI-CT H were in the range of 0.39 ∼ 1.57, 0.02 ∼ 0.16, 0.04 ∼ 0.17 mm, respectively. Comparison of FRE among the four modality matching pairs was demonstrated in figure 2 which was expressed it seemed that the mean FRE of the co-registration in XVI-CT H1 was more accurate than that of co-registration in XVI-CT P , XVI-CT A and XVI-CT H2 . In figure 2 (a) , the tendency of FRE with the increase in mAs in the XVI-CT P , XVI-CT A , XVI-CT H1 and XVI-CT H2 is much similar to each other. The tendency tends to go down with the increase in mAs and to fall down hastily at 160 mAs. The same tendency existed in figure 2 (b) which was shown the FRE tendency with the increase in tube voltage (kVp). FRE of the three modality matching pairs was about 2 mm but plumped abruptly when approaching 130-140 kVp. In addition, radiation dose in computed tomography dose index (CTDI) was as well as introduced to present the compromise between the radiation dose on diagnosis and accuracy on co-registration. Radiation dose in CTDI between the CT in PET-CT on axial and helical modes and planning CT were in the range of 4.76 ∼ 18.5, 4.83 ∼ 18.79 and 9.75 ∼ 27.36 mGy, respectively. Radiation dose to CT of PET-CT are about 1.45 to 2.02 times lower than that in planning CT.
Discussion and conclusion
Advanced PET-CT can produce not only elaborately functional information from PET but also high quality anatomical information from CT. IGRT is a state-of-the-art radiation treatment system that could deliver highly conformal dose distribution with a very high degree of geometrical and dosimetrical accuracy. This study attempted to optimize the operating parameters of the CT in PET-CT using a head-and-neck anthropomorphous phantom to improve image quality both on the CT in contrast and on the PET in CTAC and evaluate the registration accuracy.
In this study, the registration accuracy in XVI-CT H1 was more accurate than that in XVI-CT P , XVI-CT A and XVI-CT H2 . So we suggest that conducting PET-CT on helical mode with a pitch of 0.984 be the better way to have co-registration with XVI while in verification. In addition, patients undergoing PET-CT will receive additional radiation dose from PET, but is negligible in comparison with radiotherapy and is deserved to have more diagnostic value than planning CT.
As to the abrupt drop phenomenon of FRE expression in figure 2 , it is not clear about the rapid variation. It maybe be derived from the random error of XVI imaging system, the image compression between XVI and PET-CT, the image size difference between XVI and PET-CT, and insufficient sample data acquired. This problem is deserved to discuss and analyze deeply to explain the phenomenon.
PET-CT itself possessed a staggeringly potential servicing as a practical radiation treatment plan tool, which is proved more accurate than that of the conventional CT. In addition, in combination of the high quality PET-CT with XVI, it not only increases the co-registration accuracy but the probability of tumor control and decreases the recurrence on NPC diseases. Our study result revealed that it may have a potential using a combination of this high quality PET-CT with IGRT in the clinical usage in the future when treating NPC diseases.
